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Abstract Purpose: Sepsis syndrome represents the leading cause of death in intensive care unit. Patients present features consistent with a decline in immune responsiveness potentially contributing to mortality. We investigated whether CD4 ?
CD25
? regulatory T cells (Treg) participate in the induction of lymphocyte anergy after sepsis. Method: Observational study in septic shock patients and experimental study in mice. Results: We took advantage of the recently described flow cytometric gating strategy using the measurement of CD25 and CD127 expressions for monitoring
). In patients the increased circulating Treg percentage significantly correlated with a decreased lymphoproliferative response. In a murine model of sepsis mimicking these observations, the ex vivo downregulation of Foxp3 expression using siRNA was associated with a restoration of this response. Conclusion: The relative increase in circulating Treg might play a role in lymphocyte anergy described after septic shock and represent a standardizable surrogate marker of declining proliferative capacity after sepsis.
Introduction
Sepsis syndrome (i.e. systemic inflammatory response associated with infection) is a common and frequently fatal clinical condition representing a major although largely under-appreciated health care problem worldwide. These are highly lethal conditions, with mortality ranging from 20% in sepsis to over 60% in septic shock [1, 2] . More worrying is a 75% increase in the number of patients diagnosed with severe sepsis observed over the past two decades [1] , which is projected to lead to a significant increase in the incidence of sepsis in the forthcoming years; potentially culminating in over a million cases of severe sepsis in 2020 in the USA alone [3] .
Pathophysiologically, inflammation was initially thought to play a primal role in the patient's response to septic challenge [4] . This culminated in the testing of many anti-inflammatory agents, unfortunately resulting in the failure of numerous clinical trials and therefore suggesting that we still do not adequately understand the underlying pathological process of sepsis.
Accordingly, it is now generally understood that, along with the body's intense hyperinflammatory response designed to eliminate the underlying pathogen, mechanisms are concomitantly initiated to control this initial response. With respect to this latter effect, a number of investigators have suggested that this counterregulatory process can, if itself not controlled properly, result in dysfunctions of both innate and adaptive immune responses during sepsis [increased levels of anti-inflammatory cytokines such as interleukin-10 (IL-10), reduced capacity to present antigens associated with the decline of cell surface expression of major histocompatibility complex (MHC) class II molecules such as HLA-DR and increased evidence of immune cell apoptosis], which in turn, may contribute to death [4, 5] . In particular, the occurrence of a state of lymphocyte anergy has been described after sepsis [4, 5] . This has been known for long and is illustrated by the observation of the loss of delayed-type hypersensitivity reaction to recall skin tests antigens in patients [6] [7] [8] [9] . Moreover, lymphocyte anergy has been shown to be associated with mortality and with the development of secondary infections after sepsis [6] [7] [8] [9] . However, the mechanisms responsible for this phenomenon are still not completely understood.
In this context, the role of a recently described population of naturally occurring regulatory T cells (Treg) has been emphasized [10] . In human, these cells are supposed to play a role not only in cancer, autoimmunity, or allergy, but also in infectious diseases [11, 12] . Treg are characterized by the constitutive expression of CD25 (interleukin-2 receptor a) and of intracellular Foxp3 (a transcription factor known to play a fundamental role in Treg's regulatory properties) and possess potent immunosuppressive properties affecting both lymphocyte and antigen presenting cell (APC) responses [11] . We have previously demonstrated that human Treg increased Fas/ Fas Ligand (FasL)-mediated monocyte apoptosis after stimulation with endotoxin [13] . They can also induce neutrophil apoptosis after LPS challenge [14] , suggesting that these cells might play a role in the development of innate immune dysfunctions observed after sepsis. However, whether Treg can affect lymphocyte anergy in sepsis is unknown.
To investigate this, the whole blood percentage of Treg (assessed by using a newly described and reproducible gating strategy based on the CD4, CD25, CD127 and FOXP3 flow cytometric measurement [15, 16] ) was correlated with the proliferative response of mononuclear cells purified from septic shock patients after mitogenic stimulation. In a second time and because of the difficulty to perform such experiments in patients, a mouse model of polymicrobial septic challenge was used to test whether the downregulation of Treg's specific transcription factor Foxp3 was associated with any restoration of lymphocyte proliferation after sepsis.
Results have been partly presented during the 2008 Experimental Biology Meeting, San Diego, CA [17] .
Patients and methods
Septic shock patients admitted to the Intensive Care Units at Lyon-Sud University Hospital were prospectively included. The diagnosis of septic shock was based on criteria of the ACCP/SCCM [18] . Detailed methods are available in the Electronic Supplementary Material (ESM).
Results

CD4
?
CD25
CD127
2 lymphocytes express Foxp3 in healthy individuals and septic shock patients and possess regulatory properties As cell purification is often not feasible in critically ill patients because of the low blood volume available, we investigated Treg phenotype in whole blood from three septic shock patients and five healthy individuals. As observed previously on purified healthy volunteers' cells (See additional results in the ESM), CD4
CD25
? lymphocytes did not express CD127 either in healthy individuals or in septic shock patients (Fig. 1, left panel) . Moreover, using a 4-color flow cytometry staining including intracellular Foxp3 expression measurement, we observed that the large majority of these cells expressed Foxp3 both in healthy volunteers and in septic patients (Fig. 1, right panel) . Therefore, the combined expressions of CD4 and CD25 and the lack of expression of CD127 appeared adequate for the characterization of circulating Treg in whole blood of either healthy volunteers or septic shock patients. 
CD127
2 lymphocytes is significantly increased in septic patients versus healthy individuals A total of 30 septic shock patients and 17 healthy individuals were prospectively included in the study. The demographic and clinical characteristics for the septic population are presented in Table 1 . Patients were monitored once between 3 and 7 days after the onset of shock. The expression of HLA-DR on their monocytes was significantly reduced in comparison with healthy individuals (60 ± 5 vs. [90%, respectively) in accordance with the occurrence of a state of immunoparalysis in these patients [19] .
We observed a significantly increased percentage of CD4
-cells in patients in comparison with healthy volunteers (12.0 ± 1.0 vs. 6.8 ± 0.3%, respectively, P \ 0.001, Fig. 2a ). This was associated with a decreased number of total CD4
? lymphocytes (410 ± 54 vs. 779 ± 63 cells/ll, respectively, P \ 0.001; 
? lymphocytes (368 ± 50 vs. 728 ± 60 cells/ll, P \ 0.001; Fig. 2d ). However, the extent of the decline in CD4
-cell's absolute count was significantly less than that of CD4 ?
CD25
-lymphocyte population (19 vs. 49%, respectively, P \ 0.001).
The increase in CD4
? CD25 ?
CD127
-lymphocytes is correlated with a decreased lymphocyte proliferation in septic shock patients In order to test whether this increased percentage was associated with a functional decline observed in lymphocyte proliferation in patients, the proliferative response of PBMCs purified from a subset of patients and healthy individuals was measured after stimulation with mitogens. This proliferative response was then correlated with the percentage of Treg detected in whole blood using the CD127 gating strategy.
Not surprisingly, we observed that the mitogeninduced proliferative response was severely decreased in patients in comparison with healthy individuals (Fig. 3 ). Most importantly, we found that the extent of this decrease was closely correlated with the increase in CD4
-cell's percentage measured in whole blood (Fig. 3 , r = -0.943, P \ 0.005 for PHA; r = -1.000, P \ 0.005 for ConA and r = -0.829 for PWD). This suggests that the increase in Treg percentage may play a role in the decreased proliferative response observed in patients after septic shock.
The decreased Foxp3 expression is associated with a restoration of cell proliferation after polymicrobial sepsis in mice In order to investigate the involvement of Treg in the decreased cell proliferation observed after sepsis, we tested the effect of reducing Foxp3 expression, a transcription factor known to play a fundamental role in Treg's regulatory properties [20] , on lymphocytes' 
-cells (11.9 ± 0.5 vs. 9.1 ± 0.6%, P \ 0.001) were significantly increased 24 h after CLP in comparison with sham animals. Also, as observed in patients, the proliferative response of splenic lymphocytes harvested from mice after CLP was reduced in comparison with sham animals (Fig. 4b) .
Most importantly, in those animals, the transfection of splenic lymphocytes with Foxp3 siRNA, which decreased the percentage of Treg (Fig. 4a) , was able to restore the proliferative response of murine lymphocytes to a level not different from sham animals, whereas in this model, transfection with control siRNA had no such effect (Fig. 4b) .
Discussion
While numerous of clinical trials aiming at treating septic shock have been completed so far, beyond the modest effect of activated protein C, we have still to observe a significant reduction in the number of sepsis-related deaths [3] . Meanwhile, there is now growing recognition that, in addition to an overwhelming pro-inflammatory immune response responsible for the shock phase of sepsis, septic patients appear to also rapidly manifest immune dysfunctions consistent with a state of immune suppression [4, 5] . This state is typically characterized by defects in both innate and adaptive immune responses [4, 5] . However, while the vast majority of clinical and basic science conducted during the last three decades examining the septic process has focused mainly on the roles of myeloid cell populations, the contribution of T lymphocytes, in particular the involvement of sub-populations of regulatory T cells as components of this adaptive immune response, has been somewhat overlooked [10] .
Here we used a newly described gating strategy to monitor the change in circulating Treg in septic shock patients as compared to healthy individuals [21] . Moreover, since Treg have been described to be able to decrease T cell's proliferative response [22] and since lymphocyte anergy has long been known to occur after sepsis, based on the observation of the loss of delayedtype hypersensitivity reaction to recall skin tests antigens in patients [23] , we investigated the involvement of Treg in the occurrence of lymphocyte anergy after septic shock.
In agreement with our previous reports [24, 25] , we observed a significant increase in the percentage of 
CD127
-Treg in septic shock patients in comparison with healthy individuals. This was associated with a decrease in the number of CD4
? lymphocytes. Consequently, as previously hypothesized [25] , we observed that this increase was mainly due to a decrease in CD4 ?
CD25 -
CD127
? T cells number and not so much a rise in the Treg cell count after sepsis (Fig. 2) . Once again, this suggested that Treg may be less sensitive to the potentiated apoptotic process that has been reported in patients after septic shock [4, 5] . Although their resistance to Fas/FasL and dexamethasone-induced apoptosis (both known to play a role in injury-induced apoptosis) has been described in vitro [26, 27] , this remains to be demonstrated in vivo in the context of sepsis.
A similar increase in Treg percentage has been observed in trauma patients [28] and in mice after polymicrobial septic challenge and stroke [29] [30] [31] [32] . However, despite several observations of an increased regulatory capacity of Treg after trauma/sepsis in patients and in mice (i.e., increased Foxp3 expression and increased suppressive potency after trauma/sepsis in comparison with controls) [28, 29, 32] suggesting that injury primes Treg for enhanced regulatory activity, the actual role of these cells in lymphocyte anergy let alone in mortality/ morbidity after severe injury remains unclear [10] .
Anergy is defined as a state of non-responsiveness to antigen. T cells are anergic when they fail to proliferate or secrete cytokines in response to their specific antigens. Lymphocyte anergy after sepsis is illustrated by the observation of the loss of delayed-type hypersensitivity reaction to recall skin tests antigens in patients. This has long been described and is known to be associated with mortality and with the development of secondary infections [6] [7] [8] [9] . In accordance, we observed that the proliferative response of patients' PBMCs after mitogenic stimulation was decreased in comparison with healthy individuals. A similar state of anergy has been described in patients after major surgery [33] , severe burn and trauma [34] [35] [36] . Anergy is associated with a diminished production of cytokines such as IL-2 and IFN-c by peripheral blood mononuclear cells [37] as well as with a decreased expression of activating co-receptors such as monocyte HLA-DR and CD86 or lymphocyte CD28 and CD3 and an increased expression of inhibitory co-receptors (CTLA-4 or PD-1) [36, 38] . Therefore, the development of lymphocyte anergy in sepsis is likely to be a multifactorial process involving soluble factors (IL-10), cell-cell interactions (increased expression of inhibitory receptors associated with a decreased expression activating co-receptors on lymphocytes, decreased antigen-presentation by APCs) and increased apoptosis [5] . Also, intrinsic defects in intracellular lymphocyte activation pathways are likely to occur after sepsis as shown by Bandyopadhyay et al. in trauma patients [increased levels of inhibitory signal transduction proteins (c-Cbl, and SHP-1) concomitant with depressed phosphorylation of activating signal kinases (Erk, Zap70, and CD3e)] [36] . T-cell receptor complex phosphorylation and activation of the interleukin-2 pivotal transcriptional complex protein CREB (cAMP response element-binding) were also simultaneously depressed [36] . Most importantly and from a clinical perspective, the severity of this state of anergy has been demonstrated to correlate with poor outcome and the increased occurrence of infectious complications and subsequent multiorgan failure in injured patients [39] .
In this context, we observed a close negative correlation between the increase in the percentage of Treg measured in patients' whole blood and the decline in their proliferative response to mitogens. This suggests that Treg may play a role in the development of lymphocyte anergy after septic shock. In order to investigate this hypothesis, we used the murine model of cecal ligation and puncture (CLP) to induce polymicrobial sepsis in mice. This model is supposed to be the most clinically relevant murine model of sepsis [40] . We first recapitulated in septic mice the characteristics observed in patients (i.e. increased percentage of Treg and decreased splenic lymphocytes' proliferative response to mitogens). We then observed that the downregulation of Foxp3 expression in those cells using ex vivo transfection with Foxp3 targeting siRNA was associated with the restoration of their proliferative response to mitogens, therefore confirming the role of Treg in the decreased proliferative response observed after sepsis. These results are concordant with the deleterious role of Treg in the regulation of immune responses described in various animal models of infection (i.e. excessive control of the effector immune response, development of a bystander immunosuppression) [12] . Along with our previous study and others demonstrating that Treg increase monocyte and neutrophil apoptosis after LPS stimulation [13, 14] , this indicates that Treg may produce deleterious effects on both arms (innate and adaptive) of the immune response after septic shock and thus may represent central players in the regulation of the developing immune dysfunctions encountered in patients.
From a methodological point of view, the present results demonstrate that the measurement of Treg frequency may represent a simple and valuable surrogate marker of lymphocyte anergy usable on a routine basis for the monitoring of sepsis-induced immune dysfunctions. Indeed, this study shows the validity of the 3-color flow cytometry staining (CD4/CD25/CD127) for the standardized routine monitoring of Treg in patients. While Foxp3 has been described as a specific marker for T cells with regulatory properties [41] , the intracellular staining procedure required for its determination (4 h for completion) renders this marker unsuitable for a routine analysis of these cells in patients. Thus, until recently, Treg were solely characterized in human whole blood based on the combined expression of CD4 and CD25. Among CD4 ?
CD25
? cells, only the CD25 high cells are thought to possess regulatory properties in humans [42] . However, since CD25 is not a specific marker for Treg, as it is also over-expressed on activated CD4
? T cells and since no method has been agreed on as a reproducible way to select this CD25 high Treg population, this leads to a high variability in the published percentage of Treg measured in healthy individuals (ranging, for example, from less than 1% to more than 10% of CD4
? T lymphocytes) [43] . This becomes even more problematic in a pathological context, e.g., type 1 diabetes, where it has led to contradictory/-reproducible measured variations of Treg frequency in patients as opposed to controls, thus rendering the determination of their putative involvement in the pathophysiology of the disease hard to reconcile [44] . In this context, the use of the combined expression of CD25 and CD127 (a chain of the IL-7 receptor) has been recently proposed for accurately identify Treg in human whole blood and as a biomarker for human Treg cells in diseases (e.g. type 1 diabetes, organ transplant rejection…) [15, 16, 45] . CD127 expression is suggested to allow an unambiguous flow-cytometry based distinction of Treg and activated CD4
? T cells [21] . Here we have confirmed these results since we observed that CD4 ?
CD127
-cells (either purified or in whole blood) expressed a substantially higher percentage of [47] and 6.8% in the present study). Therefore the measurement of CD127 in addition with CD4 and CD25 allows for a more rapid (below 30 min) and standardizable estimation of Treg cell numbers, usable on in multicentered clinical studies, and should help clarify our understanding of the contribution of these cells to sepsis pathophysiology.
Conclusion
We observed in the current study that the increased percentage of circulating CD4 ? CD25 ?
CD127
-Treg was strongly and negatively correlated with the decrease in septic patients' proliferative response to mitogens, suggesting that Treg measurement may represent a simple and valuable surrogate biological marker for lymphocyte anergy. In addition, the downregulation of Treg-specific transcription factor Foxp3 in murine splenocytes after sepsis was associated with the restoration of their proliferative response, thus demonstrating for the first time that the relative increase in Treg count might play a role in the state of anergy described after septic shock. Therefore, Treg appear to participate in the defects in both innate and adaptive immune responses observed in septic patients (increased monocyte apoptosis [13] and increased lymphocyte anergy), thus suggesting a major role for these cells in sepsis-induced immune dysfunctions.
